The Permian Coconino Sandstone is one of the most prominent layers of rock in the Grand Canyon and is important to creationists because it has often been used by conventional scientists to discredit the Bible since it is a supposed windblown (eolian) deposit. Their argument is that deposits like this would be impossible to form in the midst of a global flood as described in Genesis. Over the past forty years, new data has been collected by us and others that we believe indisputably identifies the Coconino as a subaqueous sandstone--data that will be difficult for our critics to counter. These data include evidence from petrology, fossil footprint studies, sedimentology, regional stratigraphy and soft sediment deformation features. In our studies we found that there are many misconceptions or "urban myths" about the Coconino Sandstone including its grain roundness, grain sorting, grain frosting and angle of cross-bed dips. There are no modern analogs that match the precise sedimentology of the Coconino, but we believe that subaqueous sand waves may be a start in the right direction to understand how the Coconino was deposited. Instead of the Coconino being a problem for creationists, it can be one of our most powerful arguments in support of the biblical account of the Flood. There are many other similar cross-bedded sandstones around the world; the Coconino may be the key to unlocking their origin as well.
INTRODUCTION
The Coconino Sandstone (Permian, Arizona, USA) has been something of a "type" example for the conventional geological community for what eolian sandstones should look like (Figs. 1 and 2). The eminent Grand Canyon geologist Edwin McKee published the first and, until our studies, the only comprehensive study of the sandstone in 1934. He concluded then and in his later works (1979) that the Coconino was wind-blown. Many Pennsylvanian and Permian sandstones very similar to the Coconino occur around the world and this fact is often used as compelling evidence that Pangea was a subaerial supercontinent. At various times for about the last forty years some significant new discoveries have been made about the Coconino. This report is a summary of that work and what we currently understand about the Coconino. Even though more work remains to be done and all of the answers are not yet clear, we believe the evidence now undeniably suggests a subaqueous origin for this important sandstone. Hence, we believe that some of the same features that are found in the Coconino may be useful for reinterpreting other sandstones with large cross-beds, of course after careful study.
The primary features that many have claimed support the eolian origin of the Coconino are its large cross-beds, steep cross-bed dips, well-rounded and well-sorted quartz sand grains, vertebrate and invertebrate trackways and raindrop prints. We have found evidence that some of these claims are simply not true or that they do not support an eolian origin for the sandstone. We have found other features that seem to have no explanation besides a subaqueous depositional environment. Examples include extensive mica and dolomite, parabolic recumbent folds, extensive current lineation, planar beds, poor sorting and rounding of grains, cross-bed dips averaging about 20 degrees, similarity of vertebrate trackways to those made underwater, sand injectites and other features.
The Coconino Sandstone has been important in the discussion as to whether the Genesis Flood actually happened as described in Scripture, or not at all. For example, speaking specifically about the Coconino Sandstone and eolian deposits in general, Strahler (1999, p. 217) states: "The evidence of subaerial origin of the dune-sand formations is undisputed as to its significance by mainstream geology; in itself is sufficiently weighty to discredit the biblical story of the Flood of Noah as a naturalistic phenomenon occurring in one year."
The Coconino is thought to have been deposited during Noah's Flood by most Flood geologists because it is bounded by widespread Paleozoic marine deposits, which occur both below, and above the Coconino; and of course you cannot have major windblown dune sands in the middle of worldwide Flood deposits. A wide variety of other skeptics, some theistic, have come to similar conclusions about the sandstone. Examples include Helble (2011) , Hill et al. (2016) , Ranney (2001) , Weber (1980) and Young and Stearley (2008) . Darton (1910) originally named the Coconino Sandstone after outcrops in Coconino County, Arizona. However, the sandstone is best known for its outcrops near the rim of Grand Canyon and along the Mogollon Rim south of Flagstaff. McKee (1934) published the first comprehensive study of the Coconino and followed it with other minor papers throughout his long career (1944, 1945, 1979) . Gilmore published several papers regarding the vertebrate tracks in the sandstone obtained for the Smithsonian Institution (1926, 1927a, 1927b, 1928) . Other short papers on the sparse paleontology of the Coconino have been published since then. Several theses on various aspects of the sandstone include those by Elcock (1993) , Fisher (1961) , Lundy (1973) , Millhouse (2009) and Sumner (1999) . Reiche (1938) published data on cross-bed dips within the Coconino. Blakey has published numerous papers regarding the stratigraphy of Pennsylvanian and Permian rocks of the Colorado Plateau, which include the Coconino (Blakey 1990 (Blakey , 1996 Blakey and Knepp 1989; Blakey et al., 1988) . Middleton et al. (2003) published the most often cited technical summary of the Coconino.
PREVIOUS WORK
As far as creationist and ichnology work in the Coconino, Leonard Brand's experiments and publications stand above all the rest; they include Brand (1978 Brand ( , 1979 Brand ( , 1996 , Brand and Kramer (1996) , and Brand and Tang (1991) . He and some of his students have also published a number of short abstracts that have appeared in the Geological Society of America Abstracts with Programs, for example. John Whitmore informally began his studies on the Coconino in 1998 when as a graduate student he began field work on the sandstone (Whitmore and Peters 1999) . His first formal publication was in 2005. The Institute for Creation Research sponsored the present authors, Raymond Strom and some others as part of the multi-year " FAST" project (approximately 2006 FAST" project (approximately -2012 to study the Coconino. A number of short abstracts, magazine articles and publications (including this one) were the direct result of many of those studies; technical works include , Whitmore and Strom (2010) , Whitmore et al. (2014) and Whitmore et al. (2015) . A number of Whitmore's students have also published abstracts related to the Coconino during this period (too numerous to mention). As a result of all this work, Whitmore et al. submitted a lengthy unpublished report to ICR in 2012. A few formal papers remain to be published which were side projects of the main Coconino FAST project. Sarah Maithel (student of Whitmore and later Brand) is currently doing active research on Whitmore and Garner ◀ The Coconino Sandstone ▶ 2018 ICC the sandstone at the PhD and post-doctoral levels.
GENERAL METHODS
The present authors, Raymond Strom and a few others visited a significant number of Coconino Sandstone outcrops beginning in 1998. These included sites along every trail in Grand Canyon where a trail crosses the Coconino and many other locations throughout northern and central Arizona. Samples were collected at many of the sites for thin section, scanning electron microscopy (SEM) and X-ray diffraction (XRD) work. Permits were obtained for collection in the National Park. General field notes, rock characteristics and cross-bed dips were measured at most sites.
Measured sections were made at some sites. Laboratory work was primarily completed at Calgary Rock and Materials Services Inc. in Calgary, Alberta. Microscope work was done in Calgary and at Cedarville University, Ohio. Other Pennsylvanian and Permian sandstones that were similar to the Coconino were also studied, but not as extensively. These included sandstones in the western United States such as the Tensleep, Lyons, Glorieta, Cedar Mesa, White Rim, Weber, Schnebly Hill, Casper and De Chelly. In Great Britain our examination included sandstones such as the Hopeman, Bridgnorth, Penrith and Dawlish. Detailed petrographic studies and point counting was completed on many samples to determine sorting, rounding and percent composition of minerals and porosity. More detailed methods can be found for this work in literature that has already been published Whitmore et al. 2014; Whitmore et al. 2015 ).
An effort was made to locate all of the pertinent literature on the Coconino and its possible correlatives. This included papers, abstracts, geological maps, stratigraphic columns, charts and electronic data sheets, especially from the data compiled for the COSUNA project by the American Association of Petroleum Geologists (AAPG) in the 1980s. COSUNA is an acronym for Correlation of Stratigraphic Units of North America. These materials and a few other sources were used to compile stratigraphic correlations and thicknesses of the Coconino and similar formations from Arizona to surrounding states (Whitmore 2016) .
DESCRIPTION OF THE CONONINO SANDSTONE 1. Areal extent and thickness
The Coconino Sandstone occurs in northern and central Arizona (Fig.  3) . Its maximum thickness is about 300 m along the Mogollon Rim near Pine, Arizona. To the north, it thins and is absent near the Arizona/Utah border. In the main part of the Grand Canyon it is about 100 m thick. As with most formations in the United States, names change as state lines are crossed. However, the "Coconino" is still recognized by some authors just across the Arizona state line in parts of Nevada, California and southwestern Utah (Baltz 1982; Beard et al. 2007; Billingsley and Workman 2000; Castor et al. 2000 ; Stone et al. 1983) . A small isolated pocket of metamorphosed Coconino occurs in southwestern Arizona near Quartzite (Miller and McKee 1971) .
Some preliminary and ongoing work of this project is to correlate the Coconino beyond the borders of Arizona (Whitmore 2016) .
Figs. 3 and 4 show our preliminary map of the areal extent and thickness of units that are very close in age and character to the Coconino.
Petrology

A. General petrology
In most locations the Coconino is a fine-grained quartz arenite, containing about 90% quartz/chert and 10% orthoclase and other accessory and trace minerals. Mean grain size ranges from about 3.45 ϕ in northern Arizona to about 2.75 ϕ in central Arizona (Figs. 5 and 6) . The sandstone is more poorly sorted in northern Arizona compared to central Arizona (Figs. 7 and 8) . The sandstone in Whitmore Canyon (WC) is very poorly sorted (standard deviation = 0.94) compared to the sandstone at Cave Spring Campground (CSC) which is well sorted (standard deviation = 0.50). We found that the Coconino is sub-angular in northern Arizona and subrounded in central Arizona (Figs. 9 and 10) . Whitmore et al. (2014) discusses the petrology and mineralogy of the Coconino in greater detail.
B. Dolomite
Dolomite occurs in four different modes in the Coconino over a relatively large area (Fig. 11) . It occurs as beds (Fig. 12 ), as ooids ( Fig. 13) , as cement and rhombs (Fig. 14) and as large clasts, often orders of magnitude larger than the surrounding quartz grains (Figs. 14 and 15).
C. Muscovite
In nearly every thin section of the hundreds of thin sections we cut of the Coconino, we found muscovite mica as a trace mineral (Fig. 16) . Also see Borch et al. (2018) .
D. Orthoclase
Orthoclase (K-feldspar) usually comprised about 10% of the sandstone (Fig. 17) . Surprisingly, it is often more angular than the harder quartz sand (orthoclase = Mohs 6, quartz = Mohs 7). Alos see Whitmore and Strom (2018) .
E. Zircons
Analysis of zircons contained within the Coconino Sandstone indicates that many of them were probably derived from the mid-Proterozoic rocks of eastern North America (Gehrels et al. 2011) .
F. Frosting
In the few samples that we examined with the SEM, we found that quartz grains exhibited "frosting" (Fig. 18 ).
G. Compaction
Typical thin sections of the Coconino show little or no evidence of compaction ( Fig.  19) , except in sand injectites and a roughly 0.5 m-thick "homogenized" zone at the base of the Coconino which is intimately associated with sand injectites. Here porosities are only a few percent compared to about 17 percent average porosity in most of the rest of the Coconino. Typical indicators of compaction in thin section are fractured grains, contorted ooids and mica flakes, extensive stylolites and relatively low porosities. These features are not widespread or common in the sandstone.
Sedimentology
A. General appearance
The most conspicuous feature of the Coconino is large-scale planar-tabular and planar-wedge cross-bedding in sets up to 20 m thick, separated by extensive bounding surfaces (Figs. 2 and 20) . Some small-scale sets of trough cross-bedding (<1 m thick) are rarely present. Most of the cross-bedded units consist of thin, laterally continuous parallel laminae (2mm to 15cm in thickness) that can be traced for many meters along strike (Fig. 21) . Alongstrike cross-sections do not show any hint of concave avalanche beds that are typical on the slip faces of desert dunes (Fig. 22) . The sandstone often breaks into slabs about 10-15 cm thick, which makes it ideal for flagstone quarrying operations, especially in the Ash Fork, Arizona area. Large-scale contorted bedding is observed in some localities, notably near Doney Crater in Arizona (McKee and Bigarella 1979a, p. 202) and in the Sedona area . Other occasional features include low-amplitude ripples with crests parallel to dip slopes (Fig. 23) , small features within beds that have the appearance of slumps (Fig. 24 ) and small pits on bedding surfaces (Fig. 25) interpreted by some as raindrop impressions. Detailed work on the sedimentology of the Coconino is in the process of completion by Maithel who has published a number of abstracts (Maithel et al. 2013 (Maithel et al. , 2014 (Maithel et al. , 2016 (Maithel et al. , 2017 . Her work will not be commented on here as it was in the process of completion as this manuscript was being compiled.
B. Cross-beds and cross-bed dips
In our measurements of over 200 cross-bed dips from widespread locations in the Coconino, we found that the mean dip was about 20º (Fig. 26) . This is at odds with some who say the dips are much steeper, closer to the angle of repose (Hill et al. 2016, p. 70) , but almost identical with Reiche's data (1938) who also measured large numbers of dips (Fig. 27) . On large exposed foreset beds, cross-bed dip often remains fairly constant downdip (Fig. 28 ). Dip only rapidly decreases at the bottom of foresets, less than a meter from the bounding surface. Our data confirmed Reiche's data showing that the primary dip direction in the Coconino is to the south and southeast.
C. Laminae
The Coconino laminae are usually 1-2 mm thick and often graded both in outcrop and in thin section, but it is difficult to tell if they are normally or inversely graded because of the lack of clear erosional truncations from one lamina to the next (Fig. 29) . In some cases, the rock appears to be laminated in outcrop, but under the microscope the grading is often difficult to find. Preliminary work by Rouse (2017) shows that thin sections that show macroscopic laminae are more poorly sorted than those that do not have visible laminae. She identified laminae as being present by 1) grain size differences, 2) changes in minerals and 3) the presence of stylolites (dissolution features). Some laminae in the Coconino are more massive in nature and occur as thicker, 2-5 cm beds. She also found that most laminae are difficult to trace under the microscope, even over the 5 cm or so length of a thin section. 
D. Planar and massive beds
The most common bedding style by far in the Coconino is smallto large-scale (up to 20 m thick) planar-tabular and planar-wedge cross-stratification (Middleton et al. 2003) . It is unusual to find other bedding styles in the Coconino, but when they occur they have been found to be associated with some special features. Whitmore and Strom (2010) reported massive beds (up to 1.0 m thick) at several locations just above sand injectites at the base of the Coconino (Fig. 30) . Planar beds have been found in several locations. Some, in Sedona, are associated with parabolic recumbent folds and others contain dolomite (Andrus Point) or calcite (Kaibab-Buckskin Gulch) as documented by Whitmore et al. (2014) .
E. Parting lineation features
Relief on most flat Coconino foreset surfaces closely resembles "current lineation" or "parting lineation" (Fig. 31) . The lineated pattern is always parallel with dip.
F. "Raindrop" prints
Small pits or crater-like features are rarely found at various Coconino localities (Fig. 25 ) and have been called "raindrop" prints by some (Hill et al. 2016) . In Ash Fork and Seligman, Arizona the features often occur in rows and are parallel to dip instead of being randomly distributed on the rock surface as in some other areas. Sometimes the "pit" extends a centimeter or more through the rock and similar deformation patterns can be found on both sides of thin cm-thick beds (Fig. 32) . Small pea-sized nodules (possibly siderite) can fall out of the rock surface to create some pits (Fig. 33 ). Other features that appear to be raindrop prints when initially observed may be entry/exit points of some small organism that burrowed horizontally in the sediment (Fig.  34) ; the lateral burrows are not always seen below the surface as in Fig. 34B . The "pits" and "crater-like" features have little resemblance to raindrop prints commonly found in sand (Fig.  35 ).
G. Ripples
Features that resemble ripples should not be considered common in the Coconino, but occasionally they can be found and are always parallel to dip (Fig. 36 ). Sometimes they are found associated with the "raindrop" prints mentioned above. They are often difficult to see because they are commonly very low relief features. Sometimes they are not noticed unless the sun is shining at a low angle on the rock face.
H. "Mud cracks"
Some have called polygonal cracks within the Coconino "mud cracks" (Hill et al. 2016, p. 68) . The cracks (Fig. 37 ) are polygonal but they only superficially resemble modern mud cracks. They have only been found on bounding surfaces and their origin is still enigmatic (Brand 2018 personal communication; Peters and Brand 1999) . The cracks penetrate both downward and upward about 15 cm from bounding surfaces. Laminations continue horizontally through the "cracks" demonstrating that they were never open as true desiccation cracks.
I. Sand injectites
Large sand-filled cracks, some >15 m deep, occur at some locations at the base of the Coconino Sandstone and penetrate into the underlying Hermit Formation (Fig. 38) . The sediment within them is usually massive in nature with some cracks exhibiting vertical "layers" but not horizontal ones. Most have identified the cracks as "mud cracks" or "playa cracks" (Abbott and Cook 2004; McKee 1934; White 1929) . The cracks are deepest near the greatest displacement of the Bright Angel Fault (near Grand Canyon Village), become shallower with distance away from the fault and decreased displacement of the fault. They have a statistically significant preferred orientation with a directional mean of about 143º (Fig. 39 ) and have been interpreted as sand injectites by Whitmore and Strom (2010) .
J. Parabolic recumbent folds
Large parabolic recumbent folds (Fig. 40 ) have been found in several places around the Sedona, Arizona area and near Doney Crater . In Sedona, the fold on "Lizard Head" is nearly 7 m thick and extends for at least 50 m along the face of the outcrop. Several sets of folds occur along Brins Ridge. They are 1-2 m thick and extend over a distance of 400 m before the outcrop disappears on one end and is eroded away on the other. It is likely they originally extended over a much greater distance.
K. Marine interfingering
The Coconino interfingers with a number of aqueous deposits, both laterally and vertically around its margins. Below the Coconino, Blakey (1984) has reported marine sand waves within the Schnebly Hill Formation that in turn grade into typical Coconino lithologies. In the Grand Canyon region, a transitional contact between the water-laid Hermit and the Coconino occurs along Tanner Trail (McKee, 1934) and in some places in Parashant Canyon (Fisher 1961) . We located this transitional contact along the Tanner Trail (Fig. 41) . Within the Coconino, Fisher (1961) reported tongues of fossiliferous marine limestone. We located dolomite beds at Andrus Point which are probably equivalent to Fisher's limestone beds (Fig. 12) . Laterally, the Coconino grades into water-deposited sediments. Peirce et al. (1977) describe what they think is a west to east transition of mostly eolian to mostly water-deposited Coconino along the Mogollon Rim. They report that nearly all of the 90 m of Coconino exposed near Show Low, in east central Arizona, was water deposited. West of a line from about Sedona to Page, the Coconino "intertongues with and is overlain by the Toroweap" (Blakey and Knepp 1989, p. 336) . Some authors also report that cross-bedding style, dip direction and grain size in the Toroweap is indistinguishable from the Coconino in the Oak Creek Canyon area, causing them to think part of the Toroweap is eolian (Rawson and Turner-Peterson 1980) . Blakey (1990) names the upper part of the Coconino the "Cave Spring Member" and claims that it grades laterally into the Toroweap according to data from Rawson and TurnerPeterson (1980 (Blakey 1990 (Blakey , p. 1216 and transitions eastwards into the Glorieta Sandstone of New Mexico which is also thought to be marine (Baars 1961, p. 199) .
L. Flat contacts
Most are familiar with the base of the Coconino as it outcrops along the South Rim trails of the Grand Canyon forming a sharp and flat contact with the Hermit Formation below (Fig. 43) . Some recognize an unconformity here as more than 600 m of Schnebly Hill Formation can be found between the Hermit and Coconino from core in the Holbrook area (Blakey and Knepp 1989) , probably representing an approximately 10-millionyear hiatus in conventional terms.
Paleontology
A. Vertebrate trackways
No body fossils have been reported from the Coconino Sandstone, with the possible exception of some unidentified microfossils along the northern margin of the outcrop (Cheung et al. 2009 ). However, the Coconino is known for the abundance of its ichnofossils (Fig. 44; Baird 1952; Braddy 1995; Gilmore 1926 Gilmore , 1927b Gilmore , 1928 Lull 1918; Spamer 1984) and has been described as one of the richest and most important Paleozoic track sites known (Kramer et al. 1995) .
Descriptions and systematic discussions of the Coconino vertebrate trackways were published by Lull (1918) , Gilmore (1926 Gilmore ( , 1927b Gilmore ( , 1928 , Baird (1952) and Haubold (1971 Haubold ( , 1984 . In a major revision of Permian vertebrate ichnotaxonomy, McKeever and Haubold (1996) previously assigned to Laoporus and other ichnogenera were considered synonyms (Table 1) . A new type of Coconino vertebrate trackway was described by Hunt and Santucci (2001) , larger than average for the Coconino with an L-shaped manus smaller than the pes and exhibiting a prominent tail drag. These characteristics seemed to mark it out as anatomically distinct from Chelichnus, but the authors were unsure whether it represented a new ichnotaxon.
Notable field and laboratory investigations of the Coconino vertebrate trackways were conducted by McKee (1944) , Brand (1979 Brand ( , 1996 , Brand and Tang (1991) and Brand and Kramer (1996) . Brand (1979) noted that the Coconino trackways usually consisted of distinct and separate prints, some showing only toe marks, others only sole marks and some showing both toe and sole marks. In some trackways individual prints were oriented in a different direction to the trackway itself. These sideways or oblique trackways often showed clear pes impressions only while manus impressions were indistinct or absent (Brand and Tang 1991) . Other trackways began or ended abruptly, without evidence that sediment slumping had disturbed the bedding surfaces (Brand and Tang 1991) . Gilmore (1927b) , McKee (1944) and Brand (1979) also observed that almost all the Coconino trackways displayed upslope orientations, with "downhill" tracks notable by their near-absence.
The Coconino's low-diversity vertebrate ichnofauna is now recognized as part of a widely distributed ichnofacies characterizing Permian "eolianites" in Scotland, Germany, Argentina and across the southwestern USA (Haubold 1996; Haubold et al. 1995b; Hunt and Lucas 1998; Hunt and Santucci 1998; Lockley et al. 1995; McKeever and Haubold 1996; Melchor 1997 Melchor , 2001 Morales and Haubold 1995) . This Chelichnus ichnofacies contrasts markedly with the Batrachichnus ichnofacies described from Permian "redbeds," also widely distributed across North and South America and throughout Europe (Haubold et al. 1995a; Lucas 1998, 2005; Schult 1995) . Both ichnofacies are stratigraphically persistent through the Paleozoic, encompassing all Carboniferous to Permian vertebrate ichnofaunas (Hunt and Lucas 2005; Olson 1952 Olson , 1983 .
B. Invertebrate trackways
Invertebrate traces occur rarely in the Coconino (Fig. 45) . Early descriptions and systematic discussions of invertebrate ichnofossils in the Coconino were published by Lull (1918) , Gilmore (1926 Gilmore ( , 1927b Gilmore ( , 1928 , Brady (1939 Brady ( , 1947 Brady ( , 1949 Brady ( , 1961 and Alf (1968) . A later review by Braddy (1995) concluded that much unwarranted taxonomic splitting had taken place. He recognized only two ichnogenera in the Coconino, each with two ichnospecies (Table 2) : Paleohelcura comprising P. tridactyla and P. benjamini (Mesichnium benjamini of Gilmore; see Kozur et al. 1994) and Octopodichnus comprising O. didactylus and O. minor. P. tridactyla consists of two parallel rows of imprints in groups of three (or occasionally two), usually with a medial impression interpreted as a tail drag. P. benjamini is similar to P. tridactyla but with a regularly spaced ovoid medial impression interpreted as a trace left by part of the track-maker's abdomen. O. didactylus consists of alternating sets of impressions in groups of four, in which the individual prints are sometimes bifurcated. There is no medial impression. O. minor is similar to O. didactylus but distinctively smaller. Finally, Kramer et al. (1995) described a new Coconino ichnospecies which they assigned to an existing ichnogenus, Permichnium coconinensis. This trace consists of two parallel rows of evenly spaced V-shaped prints and lacks a medial impression. Whitmore and Strom (2018) have published a table summarizing the literature on many of these sandstones (see their Appendix I).
OTHER SIMILAR SANDSTONES AROUND THE WORLD
North American examples
Sandstones attributed to eolian processes occur throughout the stratigraphic record (from the Precambrian to the Cenozoic) and are widely distributed geographically (in North and South America, Europe, Asia, Africa and Australia) (McKee and Bigarella 1979a, p. 190) . They are particularly well developed in the upper Paleozoic to middle Mesozoic of the western and southwestern United States. The Permian and Jurassic systems of the Colorado Plateau include at least ten formations interpreted as erg deposits and many smaller units also considered to be eolian in origin (Blakey 1988, p. 129 
European examples
Similar sandstones also occur in Europe. The Lower Permian in the gas and oil fields of the southern North Sea, in Germany and in the ForeSudetic Monocline of Poland is characterized by an extensive red sandstone facies (the Rotliegendes) overlain by sandstones that are typically white or grey in color (the Wiessliegendes) (Börmann et al. 2006; Glennie 1972 Glennie , 1983 Glennie et al. 1978; Stemmerik et al. 2000; Strömback and Howell 2002) . Four distinctive facies have been recognized in the Upper Rotliegend, including sandstones with cross-bedded sets around 1-7 m thick and occasionally up to 20 m thick (Glennie 1972 (Glennie , 1983 ). This facies is usually interpreted as eolian in origin. Permian sandstones in England attributed to eolian deposition include the Bridgnorth Sandstone (Shropshire), the Dawlish Sandstone (Devon), the Penrith Sandstone (Cumbria) and the Yellow Sands (County Durham). Similar units in Scotland include the Hopeman Sandstone (Morayshire), the Corncockle and Locharbriggs Sandstones (Dumfries and Galloway) and the Corrie Sandstone (Isle of Arran). These sandstones and associated sediments are conventionally interpreted as the product of eolian sedimentation in a series of fault-bounded, intermontane basins that developed in the Early Permian (Brookfield 1978 (Brookfield , 1980 (Brookfield , 2000 Steel 1977 ).
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DISCUSSION: DATA SUGGESTS A SUBAQUEOUS ORI-GIN FOR THE COCONINO 1. Areal extent and thickness
The areal extent and thickness of many modern ergs are quite small compared to the Coconino and other ancient cross-bedded sandstones of similar nature (Table 3) . Many of the larger ergs, for example those in northern Africa ("the Sahara"), are separated by large swaths of bare rock and sparse vegetation; so, the ergs are not directly continuous with each other. This is not true for the geological record. Sandstones like the Coconino can be traced through outcrops and cores (understanding some has been removed by erosion) for its entire extent. From examining Table 3 it quickly becomes clear that ancient cross-bedded sandstones are orders of magnitude different from modern ergs in areal extent and especially thickness. Pye and Tsoar (2009, p. 155 ) recognize this and offer three possible explanations for the differences: 1) there has been preferential preservation of ancient sequences because they were deposited in slowly subsiding basins or rift valleys, 2) some thick sequences represent multiple stacked ergs, 3) eolian processes may have been more effective in the past, especially before the development of land plants. Explanation (1) does not seem to apply to the Coconino because it crosses through many ancient basins. It does thicken and thin through these areas, like the Sedona Arch (Blakey and Knepp 1989) . Explanation (2) may explain parts of the Coconino, especially in the Sedona area where there appear to be two members of the formation which Blakey (1990) calls the "Cave Springs Member" (upper part) and "Harding Point Member" (lower part). The contact is flat with no relief and forms a "green line" of vegetation about in the middle of the formation. Explanation (3) does not seem plausible because on a conventional time scale plants were around at least 100 million years before the Coconino was formed. These explanations do not seem reasonable for the Coconino or many of the other ancient crossbedded sandstones. However, marine deposits do have the characteristics of being areally extensive and thick.
Petrology
A. General petrology
There is a great misconception that all desert sand grains become "well-rounded" over time. In a study of nearly 22,000 sand grains from many dunes, Goudie and Watson (1981) found very few "well-rounded" grains. Roundness is typically measured with a scale developed by Powers (1953) and modified by Folk (1955) which is shown in Fig. 46 . Goudie and Watson found that sand grains in the 2.5 ϕ range had a mean roundness of 3.19 and in the 3.5 ϕ range had a slightly lower mean roundness of 3.04. Both of these values are on the lower end of the subrounded category. However, it is noteworthy that only negligible rounding takes place during non-eolian transport of sand grains. This has been observed in many experimental and real-world situations (Garzanti et al. 2012 (Garzanti et al. , 2015 Kuenen 1960; Russell and Taylor 1937; Twenhofel 1945) . In the Garzanti et al. (2012 Garzanti et al. ( , 2015 studies, sand was traced for hundreds of kilometers along the southwestern shoreline of Africa and no noticeable rounding occurred (despite active tidal and longshore currents) until the sand was picked up by eolian processes and transported to the Namib dunes. Then, "all minerals get rapidly rounded" (2015, p. 971) . In considering ancient deposits that consist of nearly pure quartz grains and have abundant rounded and well-rounded grains (like the Ordovician St. Peter Sandstone, midwestern US) the consensus of most authors seems to be that the sand has endured multiple generations of eolian processing and that the "roundness" may not have come from the last depositional event (e.g., Dott 2003) . Evidence for this is in the form of multiple "dust rims" around some of the grains. We found that the Coconino sand ranges in rounding from 2.5 to 3.4 (Figs. 9 and 10) Overall, the Coconino is more angular than what Goudie and Watson found for modern ergs. Since many observations have shown that rounding happens quickly in eolian settings, it is difficult to understand why the Coconino is not more rounded if the eolian hypothesis for its formation is correct.
The grain size of the Coconino ranges from about 3.45 ϕ in northern Arizona to about 2.75 ϕ in central Arizona, with a mean of about 3.0 ϕ (Figs. 5 and 6). This is smaller, but not out of, the range of mean grain sizes from modern dunes calculated from the data of Ahlbrandt (1979) and Whitmore et al. (2014) , which is about 2.5 ϕ. Although grain size studies of modern marine sand waves are limited, the mean grain size in those is 0.25 to 0.5 mm (2.0-1.0 ϕ; Garner and Whitmore 2011), which is slightly coarser than the range of sand found in the Coconino. It is interesting to note that downwind grain sizes in modern ergs decrease (Crouvi et al. 2008; Jerolmack and Brzinski 2010; Lancaster 1995; Pye and Tsoar 2009; Smalley and Vita-Finzi 1968; Wright 2001) . The cross-bedding in the Coconino indicates an increase of grain size with transport to the south.
The Coconino was more poorly sorted in northern Arizona compared to values that we found further to the south (Figs. 7 and 8). When comparing the overall grain size and sorting in the Coconino against modern eolian dunes, the Coconino appears to be somewhat out of range, which may be more consistent with aqueous depositional processes ( Fig. 47 ). Wind tends to sort sand grains much better than water can. We think the grain size sorting in the Coconino is more consistent with an aqueous deposit.
B. Dolomite
Dolomite occurs in the Coconino as beds, ooids, cement and clasts over a relatively large area . It is far from being a "dash of marine sediment" as some have suggested (Hill et al. 2016, p. 203) . Although the formation of dolomite is still one of the biggest geological mysteries, its formation must be a wet chemical process (Lippman 1973 ) that requires special conditions with high temperatures (>100 °C) and/or high pressures (Arvidson and Mackenzie 1999) . It also requires constant water circulation and a steady supply of Mg 2+ and CO 3 2-ions (Morrow 1988) . These conditions must all be met in order for the mineral to form, and certainly are not going to occur in a desert on any large scale. The presence of dolomite, in four different forms, in the Coconino strongly argues for aqueous deposition. It is important to note that the clasts were transported along with all of the other surrounding grains. The clasts are likely too big to be transported by wind; wind sorts materials better than this.
C. Muscovite
As Anderson et al. (2017) have shown, muscovite flakes rapidly deteriorate (within days) with constant eolian action, but can last more than a year with constant aqueous tumbling. Mica was sparse in our investigations of modern ergs and only occurred when a crystalline rock source was nearby. Garzanti et al. (2012 Garzanti et al. ( , 2015 confirmed our observations that mica degrades rapidly in eolian settings. In their studies they found mica in the shoreline sediments, but it disappeared as it was transported to the Namib erg. The presence of muscovite flakes in nearly every thin section of Coconino that we studied (Fig. 16 ) strongly argues for an aqueous origin of the deposit (see Borsch et al. 2018 in these proceedings).
D. Orthoclase
Orthoclase, or K-feldspar, is a fairly common mineral in most Coconino thin sections, comprising about 6-10% of the studied samples . Most surprising were angular K-feldspar grains that were sometimes more angular than the quartz grains that surrounded them (Fig.  17) . K-feldspar sand remains angular in aqueous settings (Kuenen 1960; Russell and Taylor 1937; Twenhofel 1945) and only becomes rounded when it is transported by wind (Whitmore and Strom 2017; Garzanti et al. 2012 Garzanti et al. , 2015 . Garzanti et al. (2015) found the following sequence of mechanical durability of various mineral species in the Namib erg: garnet > quartz > epidote > volcanic rock fragments > feldspars > opaques > pyroxene > amphibole > sedimentary rock fragments. Whitmore and Strom (2018, these proceedings) showed that angular K-feldspars are not only common in the Coconino but in many other supposed eolian sandstones as well. It is difficult to understand how angular K-feldspars could survive in an eolian environment without becoming rapidly rounded unless there was a nearby fluvial or bedrock source. In the absence of a nearby source for the angular K-feldspar, it strongly favors an aqueous origin for the Coconino. Gehrels et al.'s (2011, p. 197) analysis of zircons within the Coconino indicates that many of them were probably derived from the mid-Proterozoic rocks of eastern North America, or possibly, but less likely, from the Ouachita orogen. They suggest that large rivers and northeasterly trade winds carried the Coconino sand from these areas to where it formed dunes during the final stages of the collision of North America with the African continent. We think the zircon evidence is compelling and does suggest a distant origin for some of the Coconino sand. However, based on the muscovite and angular K-feldspar that we have documented in the formation, we feel that some type of aqueous transport was primary. Eolian transport would have quickly rounded the K-feldspars and caused the micas to disappear.
E. Zircons
F. Frosting
The Coconino sand grains are "frosted" (Fig. 18 ), but they have not been frosted by ballistic collisions of sand grains in an eolian environment as some have imagined. Our SEM work has shown that the grains have been frosted via chemical means, not mechanical . Marzolf (1976) found the same for the Navajo Sandstone. Grain size plays a large role in mechanical frosting. In modern deserts, only larger grains (> 300 µm, 1.74 ϕ) tend to be mechanically frosted (Pye and Tsoar 2009) . Most Coconino grains are quite small, in the range of 90-148 µm (3.47-2.76 ϕ). Kuenen and Perdok (1962) found that frosting becomes less pronounced in a range of grain sizes from 500 to 150 µm (1.00-2.74 ϕ). Almost no grains of the smaller grain size were mechanically frosted. Thus, frosting should not be used as a definitive eolian criterion for the Coconino (or other sandstones) until SEM and grain size studies are completed to confirm whether the frosting is mechanical or chemical.
G. Compaction
Some have recognized that cross-bed dips in supposedly eolian cross-bedded sandstones are too low and have cited post-depositional compaction as the reason for consistent dips far less than the angle of repose (e.g., Glennie 1972 Glennie , p. 1058 Hunter 1981, p. 323; Walker and Harms 1972, p. 280) . As far as we know, no one has cited compaction as a reason for the low Coconino dips; most (as in Hill et al. 2016 ) just seem to be ignorant of data that has been in the literature for 80 years (Reiche 1938) . Whether or not the Coconino has been compacted from the angle of repose down to an average dip of about 20° is fairly easy to assess in thin sections. Coconino thin sections show high porosities (Fig. 19) , an abundance of unfractured grains ( Fig.  19 ) and undeformed ooids (Fig. 13) , which would not be present if the rock had been severely compacted. Some theoretical work has been done to see if compaction is a reasonable hypothesis to account for lower than expected cross-bed dips in the Coconino, and it is not (Emery et al. 2011) . Compaction can probably account for only a few degrees of dip reduction at the most.
Sedimentology
A. General appearance If the Coconino was truly an eolian sandstone, one of the missing features that should be prominently displayed are avalanche tongues. These are common in modern desert dunes of all Whitmore and Garner ◀ The Coconino Sandstone ▶ 2018 ICC types and occur as sand avalanches down the lee slope scooping out and filling a long tongue-like feature on the dune (Fig. 22 ) which can often extend down the entire length of the lee slope (as seen in Fig. 22 ). Hunter (1977) illustrates cross-sections of the "tonguelike" features in his paper, which he calls "sand flow cross-strata." Instead of finding these features in the Coconino, the foreset beds seem to be rather continuous beds of either laminated or massive sand (as it appears in the outcrop). The continuous nature of these beds along strike (Fig. 21 ) makes it appear that these beds may have formed from some type of continuous avalanche process across the entire lee face of the dunes. Maithel et al. (2013 Maithel et al. ( , 2014 Maithel et al. ( , 2016 Maithel et al. ( , 2017 have been working on an explanation for the sedimentology of the beds, but to date it does not appear that they are similar to any of the types of stratification in dunes outlined by Hunter (1977) .
Hunter (1981) reported a number of the features that he identified in modern sand dunes in supposed ancient dunes of the western United States. In his survey of sandstones, he mentions that he was on the Bright Angel Trail and looked at the Toroweap Formation (p. 321), which is just above the Coconino. However, he apparently did not make it down the trail a little further to look at the Coconino (which fails to get mentioned in the paper). However, Hunter recognized that the tongue-like sand flow cross-strata are quite common in modern dunes, but nearly absent in ancient sandstones. He comments (pp. 319-320):
Whitmore and Garner ◀ The Coconino Sandstone ▶ 2018 ICC , a face with an irregular surface (center) and a highly irregular surface (middle) that is most likely a parted contact between it and an adjacent grain surface. Illite has grown on this surface and is the white, wispy material. The grain surface on the left is highly irregular and is in contact with the quartz cement. This surface appears to be strongly chemically etched rather than abraded. This is not surprising given the degree of dissolution features and precipitation that has occurred in this rock.
Sand flow cross-strata are quite common in the [ancient] sandstones discussed here. Narrowly lenticular sand flow cross-strata, such as are common in small modern dunes of the Oregon and south Texas coasts (Hunter, 1977) and in some desert dunes (Sharp, 1966) , are very rare in the [ancient] sandstones discussed here. Rather, the individual sand flow cross-strata typically extend many meters along the strike of the cross-stratification. In addition, the sand flow cross-strata of the ancient sandstones differ from those of modern small dunes by typically being in contact with other sand flow cross-strata rather than being separated from one another by grainfall deposits. The general absence of fadeout laminae (defined by within the sand flow cross-strata indicates that the flows became thoroughly mixed before coming to a stop. Structures indicative of slumping down a slipface are very uncommon in the sandstones discussed here (McKee, 1979, p. 192 ).
We concur with Hunter that these structures are very rare. We did not locate any lenticular-like flows in the Coconino and we think the absence of such features in the Coconino and other sandstones is indicative of aqueous processes. We did find these features preserved in the sediments of numerous modern subaerial dunes that we studied (Fig. 22 ), but these features have not been identified in subaqueous dunes. Instead, subaqueous dunes tend to have very wide avalanche surfaces (Hunter 1985) .
Modern sand dunes that have been excavated have revealed a number of small-scale structures (McKee and Bigarella 1979b) . We failed to find many of these features in the Coconino. Things that resemble some of these features are present, like overturned folds, but they are not laminae-scale or cm-scale features as illustrated by McKee and Bigarella 1979b; instead, they are meter-scale (like the parabolic recumbent folds).
We did locate a number of low-amplitude ripples with crests parallel to slopes (Fig. 23) and features that were slump-like (Fig.  24) . However, these kinds of ripples are known to occur in similar style on various sand waves and related subaqueous features (Houbolt 1968) . The "slumps" may actually be slumps, but they cannot be explained in an eolian environment because the dips are too shallow for the sand to fail in such a way (dips that the structures are contained within are often 20° or less). However, if the slump occurred in a subaqueous setting, it is possible the failure could have occurred on a shallow slope and been driven by a down-slope current.
B. Cross-beds and cross-bed dips
It has been incorrectly stated by some that the Coconino has steep cross-beds which are close to the angle of repose (e.g., Hill et al. 2016, pp. 58, 70, 202) . In fact, a whole series of cross-bed dips were published by Reiche (1938) whose mean dip was very close to our mean dip of about 20°. Another misunderstanding that many have is that the angle of repose (about 33°) is less under water than it is in air. This is false. The angle of repose underwater is about the same as that in air (Allen 1970a; Carrigy 1970; Hunter 1985) . In aqueous settings a variety of factors (velocity, water depth, amount and type of entrained sediment) control whether cross-beds or plane beds are formed. In general, the faster the current the lower the angle becomes on cross-bed dips until plane beds are formed in the upper flow regime.
A possible explanation for cross-bed dips less than the angle of repose, is that the upper (steeper) parts of the cross-beds have been eroded away by the next migrating set of cross-beds (e.g., Poole 1962, p. 148). We do not know how steep the upper parts of the cross-beds were (or how tall the bedforms were) because we do not have the upper parts of the dune to measure, so this may be a possibility. However, in extremely thick (> 15 m) cross-bed sets that were measured by Maithel (personal communication, 2018) in the Ash Fork area, dips remained fairly constant at about 23° from the top of the set until a meter or two near the bottom of the set where the cross-beds rapidly flattened out (see Fig. 28 ). This pattern occurs throughout much of the Coconino which may suggest the tops of the dunes were never much steeper than the bottoms.
Sand waves have not been studied extensively because they occur in underwater settings with strong current flows. However, it is interesting that measured cross-bed dips of sand waves are in the range for the dips that we see within the Coconino and other cross-bedded sandstones. The lee slopes of sand waves in marine and estuarine settings typically display angles of less than 20° but have been reported to reach more than 30° (e.g., Aliotta and Perillo 1987, p. 11; Cornish 1901, p. 170; Dalrymple 1984; Elliott and Gardiner 1981, p. 58; Langhorne 1982, p. 580; Ludwick 1970; Salsman et al. 1966, p. 13; Werner 2000, p. 87) . In some instances, smaller sand waves were found to be steeper than larger ones (e.g., Dalrymple 1984) . However, the opposite trend was reported for the sand waves off the coast of western Australia (Jones et al. 2009 ). Lee slope angles in sand waves depend on a variety of factors, including tidal current velocity, tidal current asymmetry, bed load versus suspended load transport, grain composition, grain size and textural characteristics, and these relationships warrant further investigation.
C. Laminae
Hunter's types of dune stratification (1977) have been widely cited, but we have had difficulty identifying clear examples in our study as has Maithel et al. (2013 Maithel et al. ( , 2014 Maithel et al. ( , 2016 Maithel et al. ( , 2017 ). Hunter A bounding surface (the horizontal rock surface) within the Coconino has been exposed to reveal the many thin foreset laminae that can be traced for many meters along strike (toward the girls). The beds are dipping to the left. Some gradually pinch out over the length of the outcrop. This is much different than cross-sections of avalanche tongues that can be found in modern dunes (see Fig. 22 ). This exposure is near Ash Fork, Arizona. One m hiking stike near middle of photo. JHW photo 9391-2013.
recognized six types of eolian strata: planebed laminae, rippleform laminae, ripple-foreset cross-laminae, climbing translatent strata, grainfall laminae and sand flow cross-strata. The only authors who have commented as to whether these types of laminae are present in the Coconino or not are Middleton et al. (2003) . They suggest that most of the laminae within the Coconino are wind-ripple laminae, sand flow cross-strata and minor grainfall laminae (pp. 171, 174). Although more study needs to be completed in this area, it seems to us that the laminae in the Coconino might be better explained as subaqueous sand flow cross-strata (Hunter 1985) or something similar. These types of strata have similarities to eolian sand flow cross-strata in that the dips are fairly constant from the top to the base of the foresets, the cross-strata are generally straight and can have a slight to moderate concave-upward curvature near their toes (p. 887). Additionally, at least in smaller subaqueous dunes, Hunter states that sand flow cross-strata are very wide and have poorly defined lateral edges, whereas eolian sand flows are narrow and have well-defined lateral edges (p. 890). We think this better matches the thicker laminae we see in the Coconino, although more work needs to be done.
Rouse (2017) did some preliminary work on tracing laminae in thin sections of Coconino. The laminae are very difficult to trace with certainty even over the 5 cm or so length of a thin section. One possibility that might explain discontinuous laminae is spontaneous sorting of grains as they are deposited during grain avalanche events. Makse et al. (1997 Makse et al. ( , 1998 showed that these processes happen in air. Creationists have also done some preliminary work in this area and showed that particles can also spontaneously sort in aqueous heterogeneous sand mixtures (Julien et al. 1994 ). This would be a productive area of continued research with the laminations of cross-bedded sandstones, called "wind ripples" by some, in mind.
There are some other mechanisms that can make graded laminae in subaqueous conditions. Normally graded parallel lamination can be produced by the migration of very low relief ripples during upper flow regime flow (Paola et al. 1989 ). Cheel and Middleton (1986) found that very thin and extensive graded beds (both normally and reversely graded) can form under conditions of the upper flow regime. They found that "bursts" formed fining upward (FU) sequences and "sweeps" formed very thin coarsening upward (CU) sequences. The FU sequences were thicker than the CU sequences, some of which were very extensive and less than 1.0 mm thick. Sometimes ungraded layers were produced. Kleinhans (2004, p. 77) indicates sweeps are a dominant process on the lee sides of large subaqueous dunes (which form thin CU laminae). In many places, the Coconino is finely laminated with beds that resemble CU sequences on the foresets. One mechanism that could produce these fine laminae on the foresets are these sweeps.
D. Planar and massive beds
Planar beds, which are very unusual in the Coconino, were found at several locations. In Sedona, they were associated with large parabolic recumbent folds (discussed below) which may indicate a flow regime change if the sand was being transported and deposited subaqueously, and would also help explain the folds . Planar beds at Andrus Point were composed of pure dolomite and the cross-beds above contained dolomite ooids which would be very unexpected in an eolian setting, but would be much easier to explain in a marine setting . Planar beds in Kaibab-Buckskin Gulch area had abundant calcite and dolomite cement.
Massive beds that contained bedded clasts of Coconino Sandstone were found at several locations near the base of the Coconino (Fig.  30 ). Whitmore and Strom (2010) proposed that these beds were a reaction to a seismic shock, likely originating from the Bright Angel Fault during Laramide events in the Grand Canyon region. They argued that the basal Coconino had to be water-saturated and only partially lithified (at most) during the faulting. This caused liquefaction of the basal Coconino which destroyed most laminations and created the massive (unbedded) layer. This layer was then able to flow horizontally and downward into the Hermit Formation, forming the sand-filled cracks (discussed below) that can sometimes be found at the base of the Coconino. This scenario has abundant evidence (Whitmore and Strom 2010) but causes a time problem for the conventional view. Conventionally, the Coconino was deposited about 275 million years ago and the displacement along the Bright Angel Fault occurred about 225 million years later during the Laramide uplift of the Grand Canyon area, about 50 million years ago. The problem for the conventional view is how the Coconino remained unlithified for such a long period. In a young-earth view, there is no problem because the timing of Coconino deposition and regional uplift was probably less than a year and the Coconino would have been still water-saturated due to being deposited during the Flood. Thus, the massive bed and the associated injectites eliminate millions of years of geological time from the strata of the Grand Canyon.
E. Parting lineation features
Parting lineation (also called current lineation, parting-step lineation or sand streaks) is commonly found on most cross-bed surfaces of the Coconino. These features are well known from subaqueous current deposits of various types (Allen 1970b; Cheel 2003; Corbett 1972; Picard and Hulen 1969; Stokes 1947) and have been produced experimentally in the laboratory (Mantz 1978; Weedman and Slingerland 1985) . According to Stokes (1968 It is often difficult to tell whether the laminations are normal or inversely graded as in HMT-10 and HMT-08. In other samples, the grading is clearly inverse as in JUS-05 and SFRC-10. Both types of grading can be found in eolian deposits (Hunter 1977) . According to Hunter (1985) in subaqueous cross-strata, inverse grading dominates in the upper and middle parts of the dune with sharp contacts between laminae. In the lower part of the set, laminae are less regular and normal grading is more common when laminae are present. It is important to understand that Hunter's studies (1977, 1985) were made on relatively small dunes. More laboratory and field study is needed on large dunes as would have been the case in the Coconino. Note the bounding surface preserved in SFRC-10. lineation forms due to a "streamlining effect on loose sand grains parallel with the current direction." Allen (1970b, p. 68) reports them "on the backs of active [subaqueous] sand ripples and dunes, where there is erosion." Allen (1985, p. 111) believes that current lineation can form under a variety of subaqueous conditions probably due to parallel vortices traveling in the boundary layer next to the sediment/water interface. Current lineation is a well-known feature of upper flow regime plane beds (Allen 1984; Fielding 2006; Paola et al. 1989) . At least one author has suggested that current lineation is also produced in eolian settings, but this was based on observations of the features in sandstones interpreted to be eolian, not observational evidence in actual eolian environments (Tanner 2001 ). He thought current lineation would only occur at the base of the dunes where grainfall and wind ripples are the dominant sedimentary processes and structures; we have found them on bedding planes far from the lower bounding surfaces where sand flow would likely be the dominant process. Except for this one instance, as far as we know, the literature has only associated current lineation with aqueous deposits.
F. "Raindrop" prints
It has often been claimed that raindrop prints are one of the most distinctive characteristics that indicate the Coconino is eolian (McKee 1934; McKee and Bigarella 1979a; Middleton et al. 2003; Ranney 2001) . Often the crater-like features can even be found with slight disturbances down-dip, as one might expect from a raindrop impact on a steep sandy slope. However, the "raindrop" prints preserved in the Coconino have different characteristics than raindrop prints found in modern settings. First, when most think of raindrop prints, they usually think of well-defined crater-like depressions in mud. But, raindrop prints in sandy substrates do not typically form well-defined crater-like depressions. Instead, the surface becomes rather mottled and the prints do not form distinct craters (Fig. 35) . Second, the "raindrop" prints in the Coconino typically occur in linear zones, not in randomly scattered patterns as one would expect (Fig. 36) . Third, some things that look like raindrop prints are probably burrows or some other feature because the structures vertically penetrate the sand, some about 1 cm (Fig. 32 ).
At this point we do not know for sure what the "raindrop" prints are. It appears that several different features have been referred to "raindrop" prints. At least some of them are closely related with current lineation features. Since they often form in "zones" perhaps they are related to some type of water or gas escape process occurring between the vortices that form current lineation (Allen 1985, p. 111) . Others may be related to burrowing activity (Fig. 34) . In any case, we do not think the small crater-like features can be raindrop prints, because raindrops make a mottled surface in sand, not well-defined craters (Fig. 35) .
G. Ripples
In modern dunes, wind ripples can often be found parallel to dip on the lee slopes of dunes, often interfingering with sand flow avalanches. Lee slopes of modern dunes are almost always either covered with avalanches, wind ripples or both (Fig. 22B) . Sometimes grainfall deposits are present resulting in a smooth dune surface, but these surfaces are often quickly modified either by avalanches or wind ripples. Down-dip wind ripples form as vortices travel perpendicular to the lee face of the dune, even when the wind is blowing over the top of the dune in a direction that parallels the ripples. Several authors have reported similar ripples in the Coconino (McKee 1945; McKee and Bigarella 1979a; Middleton et al. 2003) and we have found them as well, but they are not as common as one might expect if this was truly an eolian environment. They are often noticed because they stand out compared to the tabular bedding that is so common. The ripples do resemble wind ripples which tend to have more rounded crests than most ripples found in subaqueous settings.
We find no reason to believe that the ripples found in the Coconino could not have been formed in a subaqueous sand wave environment. Although much is not known about the fine-scale structures from large subaqueous sand waves, some observations have been made using radar and video. Lawrence Poppe of the United States Geological Survey claims that small ripples are present on the backs of megaripples which occur on the backs of larger sand waves in Long Island Sound, near New York City (personal communication, 2011; Poppe et al. 2006) . Currents flowing over the tops of sand waves should produce lee vortices in much the same way as they are produced in eolian settings;
this could possibly produce subaqueous ripples, depending on current velocity. Houbolt (1968) suggested currents could flow perpendicular to the flanks of large sand ridges on steep foreset slopes. Lundy (1973) used this idea to explain the parallel-to-dip ripples in a subaqueous Coconino model.
H. "Mud cracks"
Some have claimed that the polygonal crack-like patterns (Fig.  37 ) that can commonly be found on the tops of bounding surfaces are indeed desiccation cracks (Hill et al. 2016, p. 68) . However, these cannot possibly be "mud" cracks because these features are in a clay-poor sandstone, not mud. In order for sediment to crack by desiccation it must be dominated by clay-sized particles and must have certain clay minerals. Even the Hermit Formation (which is dominantly a siltstone) does not have the right grain size and mineralogy to crack via desiccation (Whitmore and Strom
Whitmore and Garner ◀ The Coconino Sandstone ▶ 2018 ICC 605 Figure 32 . Sometimes "raindrop prints" form deep depressions into cm-thick slabs. This pair of images shows the bottom-side and top-side of the same cm-thick piece of rock. The underside has raised "dimples" that shows the pattern of the surface of the rock that was below this slab. The pattern is similar to the rows of "dimples" that we found on other rocks (see Figs. 25 and 36) . The slab was a piece of float, so we only know the dip was in one of the directions of the double-ended arrow. The rows of dimples are associated with very low relief ripples. Some of the dimples on the top-side are about 7 mm deep. The patterns are not as clear, but they are also oriented in the same approximate direction as the layer below. If these were "raindrop prints" it seems the dimples would be in random patterns and not oriented. Furthermore, why would there be similar patterns on two closely-spaced surfaces? We hypothesize the "dimples" may be water or gas escape structures. Chino Wash, Arizona. JHW photos . -2017, 0141-2017, 0138-2017, 0149-2017. 2010). Sand grains are usually too large and insufficiently cohesive to form cracks during desiccation (Lowe 1975 ).
In our unpublished XRD studies of the Coconino, both weight and volume fractions of clay minerals were always less than about 2% and were often non-existent in the bulk powder results. The most common clays in the Coconino were kaolinite and illite. Modern soils that crack due to desiccation have significant amounts of clay. Basma et al. (1996) , Harianto et al. (2008) , Yassoglou et al. (1994) and Yesiller et al. (2000) report cracking in soils with clay contents ranging from 13 to 58.3% and silt contents ranging from 21 to 52%. The Coconino simply does not have the clay minerals necessary for any kind of desiccation to occur. The origin of the polygonal structures in the Coconino is not known; Leonard Brand has been thinking about these for some years (personal communication 2018; Peters and Brand 1999) , but their origin is still a mystery. Whitmore and Strom (2010) argued that the sand-filled cracks found at the base of the Coconino and penetrating into the Hermit Formation cannot be desiccation cracks or large playa cracks because of the lack of abundance and types of certain clays necessary for desiccation cracks to be produced in the Hermit Formation. They argued the sand-filled cracks are injectites caused by the Laramide movement of the Bright Angel Fault. It is not unusual for clastic dikes, injectites, and sand volcanoes to occur coincident with faulting; fine-grained water-saturated sands are especially mobile (Hurst and Cartwright 2007; Ettensohn et al. 2002) . Evidence that the Bright Angel Fault was responsible for the sand-filled cracks includes 1) the deepest sand-filled cracks occur next to the fault (>15 m in depth) and at its greatest offset (61 m, Fig. 43) , and 2) the cracks decrease in length away from the fault and get shorter along places where the fault did not have as much displacement. Cracks disappear altogether far away from faults (Fig. 39) . If the cracks were truly desiccation cracks we might expect random orientation of crack trends (instead they are oriented) and horizontal layering of crack fill as sand filtered down from above filling the cracks (instead the cracks are mostly massively bedded and some contain vertical "layering"). Whitmore et al. (2015) argued that large deformation features found in the Coconino and Toroweap Formations near Sedona and in the Coconino in Wupatki National Monument are penecontemporaneous parabolic recumbent folds (Fig. 40) . If these were slumped eolian dunes as McKee and Bigarella (1979a, pp. 201-202) argued, or groundwater deformation features as commonly found in the Navajo Sandstone (Bryant and Miall 2010 ) the deformation would cross through bounding surfaces and have limited horizontal extent. Instead, the folding we found in Sedona is confined to individual cross-bed sets (proving its penecontemporaneous nature with the cross-beds) and extends for at least 400 m on Brins Ridge and for at least 50 m on Lizard Head in a regular pattern (showing that these features are not slumped eolian dunes). The mechanism of parabolic recumbent fold formation may be one or a combination of four causes , all of which take place during active . This image is looking downward at polygonal "cracks" on a bounding surface (note multiple beds running from left to right) in the Ash Fork area. These features are sometimes referred to as "mud cracks" by some workers (Hill et al. 2016, p. 68) . It is important to note that the Coconino is a sandstone with very little clay content, and not a mudstone. These "cracks" often occur on bounding surfaces and extend both upward and downward from the bounding surface. Looking at the rock from the vertical dimension, laminae extend through the "cracks" so the features were never open, as in mud cracks. As far as we know, Leonard Brand (Peters and Brand 1999; personal communication with Brand 2018) has been the only person who has extensively studied these enigmatic features. The photo is about 50 cm wide. JHW photo 3410-2014. deposition of subaqueous cross-beds: 1) seismic activity leading to temporary liquefaction of the sand grains in the cross-beds, 2) strong sediment-laden currents flipping the cross-beds over, 3) flow regime change causing liquefaction at the subaqueous dune front, or 4) liquefaction of bottom sediments from cyclic loading and unloading due to sudden changes in water depth from passing waves. At this time, we favor mechanism (3) because two rather uncommon features occur together in the Coconino: the folds and planar beds. Of all the features in the Coconino, we think these folds are one of the best evidences for rapid subaqueous deposition of the cross-beds.
I. Sand injectites
J. Parabolic recumbent folds
K. Marine interfingering
The Coconino interfingers (or intertongues) with other layers (both horizontally and vertically), many of which have been recognized as marine layers such as the Toroweap Formation, Kaibab Limestone and Glorieta Sandstone. This is important because in areas where this happens there is no real change in "typical" Coconino crossbedding. If these were coastal dunes marking where the transition takes place, we might expect to find a variety of facies and sedimentary structures that would indicate beach, tidal or offshore sands. Instead, the Coconino always appears as "typical" Coconino even though a single cross-bed layer with only a meter of thickness or less is present (Billingsley and Dyer 2003; Billingsley and Graham 2003; personal observations) . These formations (which are clearly marine) intertongue with "typical" Coconino facies with no evidence of intervening coastal depositional environments; contrary to expectations if the Coconino were truly eolian.
L. Flat contacts
One of the features of the Coconino, and indeed many other formations, is that the upper and lower contacts are flat. The Hermit Formation is purported to be a large fluvial floodplain deposit (Blakey 2003 ), so we might expect at least dips and gullies at the top of the Hermit since it is purported to be a terrestrial deposit. The story is usually told (Abbott and Cook 2004 ) that the climate dried up toward the end of the Hermit time and, as a result, the Hermit developed deep desiccation cracks, similar to cracks found on large playa surfaces today. Additionally, it is thought the open desiccation cracks filled in from above to form the large sand-filled cracks. The problem with this model is that the Hermit does not have the right type of clays for desiccation cracks to develop nor does it have a sufficient amount of clay-sized particles (Whitmore and Strom 2010) . Desert floors are often either covered with bare bedrock or with desert pavement resulting from alluvial fans and intermittent streams that deposit sediment on the desert floor. We find no traces of such features at the surface of the Hermit. To say that those features were there and then have been eroded In (A), tracks on the left side of the photo are still partially filled with rock, while the tracks on the right side are well exposed. Note that the animal is not only going up slope, but also is moving sideways, which is typical of many of the Coconino tracks. Brand and Tang (1991) have hypothesized that these tracks were made underwater and that a water current was pushing the organism from left to right making it partially bouyant as it walked. Photo by JHW 0437-2018. (B) shows at least three trackways, two of which are also traveling at an angle to the dip slope. Photo by JHW 0450-2018. 10 cm scale in each photo. away is problematic because there are no dips and gullies at the contact between the two formations as might be expected in such a terrestrial deposit. Flat contacts are common between marine deposits as well-documented in the walls of most of the Grand Canyon. Roth (2009) argues that these types of "flat gaps" are a serious challenge to long geological ages. McKee (1944 McKee ( , 1947 reported sand trough experiments with several reptiles including spiny lizards (Sceloporus), side-blotched lizards (Uta) and chuckwallas (Sauramalus). The animals were induced to walk over a ridge of sand with varying slope and moisture content. Small reptiles failed to leave tracks in anything other than dry sand. Only the largest animals (chuckwallas) made tracks in wet or damp sand and even then the tracks were not as clear as in dry sand. McKee concluded that the tracks had formed in loose, dry sand that was subsequently dampened by mist or dew. Since then, most investigators have followed McKee in interpreting the Coconino Whitmore and Garner ◀ The Coconino Sandstone ▶ 2018 ICC Powers (1953) and modified by Folk (1955) . Sorting data from modern dunes consists of two sets of data: 465 samples from Ahlbrandt (1979) and 54 samples sieved by Whitmore and his students for a total of 519 samples. Ahlbrandt's samples were sieved with ¼ phi sieves and Whitmore's data was prepared with ½ phi sieves. All points are from sand dunes (not interdunes, beaches, etc.). The plot was made with the "R" statistical package and shows the 75, 90, 95, and 99% confidence intervals (R Development Core Team, 2011). The Coconino data was obtained by counting and measuring grains on 80 thin sections; thus the two sets of data were obtained by different methods, but we believe they are comparable. The combined plot shows there is some overlap of the 95% confidence interval between the two plots, but that the Coconino is finer and more poorly sorted than most modern eolian deposits. It is important to note that is is almost no grain-size data from sand waves for which to compare these two data sets. Hunter (1985) and shows the structure that subaqueous avalanches make. Notice the individual sets are broad and tabular compared to the tongue-like avalanche structures of eolian dunes (as seen in Fig.  22 ). (B) Is after Allen (1980) and shows that large foresets can be expected under conditions of large velocity strength and higher velocity symmetry indexes. The most similar dunes to those found in the Coconino are Class IA. Notice that these dunes are quite close to the plane-bed regime with just a bit more velocity strength.
Paleontology
A. Vertebrate trackways
vertebrate tracks as evidence of animals leaving tracks on wet or damp subaerial substrates.
However, subsequent field studies and laboratory experiments, using a wider variety of conditions than those employed by McKee, indicate that the conditions under which the Coconino trackways were formed should be reconsidered. Brand (1979) reported detailed measurements of fossil trackways (n = 82) along the Hermit Trail in Grand Canyon. Fossil footprints were distributed throughout the lower half of the Coconino and were almost all oriented upslope (as also reported by Gilmore 1927b and McKee 1944) . Individual prints in the fossil trackways were distinct and separate. Some showed toe marks only, some sole impressions only and some both toe and sole impressions. Crescent-shaped ridges of sand commonly occurred behind the sole impressions, but were never observed to extend backwards into previous footprints.
These fossil trackways were compared with experimental trackways (n = 236) made by living amphibians and reptiles under a variety of substrate conditions (dry, moist, wet and submerged). Five salamander species (Taricha torosa, Taricha granulosa, Notophthalmus viridescens, Ambystoma tigrinum and Cryptobranchus alleganiensis) and three lizard species (Sauromalus obesus, Sceloporus occidentalis and Dipsosaurus dorsalis) were employed in the experiments. The animals were placed in experimental chambers and allowed to walk up and down a slope of sand. Most of the laboratory tracks were made on 25°slopes, with some on 15° and 20° slopes.
The laboratory tracks made on dry and damp sand differed in several respects from the fossil tracks. Less than 12% of the dry sand and damp sand tracks displayed toe marks or other fine details, compared with more than 80% of the fossil tracks, underwater tracks and wet sand tracks. Furthermore, sand was often observed flowing backwards into previous prints. Damp sand prints were often surrounded by jumbled pieces of "broken crust", but this was never observed in the fossil tracks. Furthermore, the proportions of the fossil tracks were quite different from those made in dry sand, but similar to those made underwater or in wet sand. Dry sand tracks were longer than they were wide, whereas the fossil tracks, underwater tracks and wet sand tracks were shorter than their width. Other features consistently observed in wet sand tracks (such as an upslope transition from well-defined tracks to toe marks only) were notably absent from the fossil tracks. The experimental tracks most closely resembling the fossil tracks were those made underwater. Similarities included the proportion of tracks bearing toe marks, the uniform appearance of prints along a trackway and the track proportions. Brand (1996) conducted further experiments with the western newt (Taricha torosa) to study trackways made by one species under a variety of substrate conditions. Trackways were made in mud or fine sand, on level or 25° slopes and with dry, damp, wet or submerged substrates (n = 230). Measured trackway characteristics included the number of toes (manus and pes), stride (pes), pace angulation (pes), glenoacetabular length, width of trackway and mean divergence of middle three toes (manus and pes). Trackways made in wet mud most accurately recorded the number of toes per foot and the arrangement of the toes. All other combinations yielded a reduced average number of toes per foot. Trackways made on sloped, submerged mud or sand, sloped, dry sand and sloped, damp sand rarely yielded the full number of toes per foot. The position and orientation of the toe marks were distorted in trackways made by animals walking underwater or on sloped, damp sand. It is evident that substrate conditions must be considered when drawing systematic conclusions from trackways, and that trackways made on sloped cross-beds are particularly unsuitable in this respect. In this study, the experimental trackways that most closely resembled Whitmore and Garner ◀ The Coconino Sandstone ▶ 2018 ICC the Coconino trackways were those made on sloped, underwater sand or mud or subaerial, damp sand. Other criteria must be used to discriminate between these alternatives (such as evidence indicating the buoyancy of the track-makers; see Brand and Tang 1991) .
Some other features of the Coconino trackways favour an underwater origin. McKee (1944 McKee ( , 1947 explained the near-absence of downslope trackways in the Coconino by the tendency of trackmakers to slide down slip faces and obliterate their own tracks. However, in Brand's (1979) study downslope tracks were produced under all four experimental conditions and were often more clearly defined than the fossil tracks. Brand suggested that the rarity of downslope tracks in the Coconino might be better explained by the underwater behavior of animals than by a preservational bias. Perhaps the track-makers tended to swim when going with the water current and adopted bottom-walking only when moving against the current. Brand (1979) reported that all five species of living salamanders walked on the bottom more than they swam, contrary to earlier observations by Peabody (1959) , who stated that salamanders rarely adopted bottom-walking. McAllister (1989) has suggested that the best criteria for the recognition of underwater trackways are those that indicate the buoyancy of the track-maker. Brand and Tang (1991) described numerous Coconino trackways that they interpreted in this manner. For example, there were trackways in which the individual prints pointed in a different direction to the trackway itself. These sideways-drifting trackways often showed clear pes impressions only, with manus impressions indistinct or absent. Similar oblique and zigzag trackways have also been reported from the De Chelly Sandstone and the Corncockle Sandstone of Scotland (McKeever 1994) . Furthermore, Brand and Tang (1991) described trackways that started or ended abruptly without any evidence that slumping of sand had partially obscured the trackway. In one case a trackway was seen to angle upslope before abruptly disappearing. A similar trackway then abruptly began 0.6 m further upslope and progressed across the cross-bed surface at the same angle as the lower trackway. Brand and Tang (1991) argued that these trackways were made by animals that were partially buoyant in water and drifting with currents. In laboratory experiments, salamanders were sometimes observed to drift sideways with a current while continuing to walk. In such instances the animals left trackways that resembled the oblique trackways found in the Coconino. Partially buoyant live salamanders made long scratch marks that resembled the scratches seen in some fossil prints. Given an eolian setting, no obvious explanation for these features of the Coconino trackways presents itself. Any wind strong enough to move an animal sideways on a dune would almost certainly obliterate its tracks. Suggestions have been made that these distinctive trackways were made on eolian dunes by animals employing unusual methods of locomotiongalloping, loping, trotting or jumping or sideways walking (Lockley 1992; Loope 1992) . However, in studies of modern animals that employ sideways loping the toes are only slightly displaced from the angle of the trackway, unlike the sharply oblique angles of displacement observed in many of the fossil tracks. Furthermore, morphological constraints on locomotion must be considered. It is not clear that any known Permian tetrapod possessed the skeletal structure that would have been required for such unusual sideways locomotion (Brand 1992) . The best explanation seems to be that these trackways were made on underwater substrates.
B. Invertebrate trackways
With reference to the invertebrate trackways, Brady (1939 Brady ( , 1947 Brady ( , 1949 Brady ( , 1961 , Alf (1968) and Sadler (1993) conducted experiments with modern scorpions and spiders and concluded that under certain conditions they made tracks on dry or damp sand that were similar to the fossil trackways assigned to Paleohelcura and Octopodichnus. Brady (1947) also noted the resemblance of some other Coconino traces to those made by modern millipedes, blattoid beetles and isopods. The Permichnium coconinensis trackway described by Kramer et al. (1995) was attributed to a running blattoid beetle.
However, experimental studies clearly reveal that one animal can produce a variety of morphologies even within a single trackway and that, conversely, different animals can produce very similar track morphologies (Brady 1939; Briggs et al. 1984; Crimes 1970; Sadler 1993) . Factors affecting track morphology include temperature, moisture content and slope of the track-bearing substrate and the size, speed and foot placement of the trackmaking organism. Another complicating factor is that fossil tracks may have been made by extinct organisms, perhaps unknown from body fossils. It seems probable that the model organisms employed in these studies has been influenced by the presumed eolian paleoenvironment of the Coconino. Thus, studies of the invertebrate traces have employed terrestrial animals, such as spiders and scorpions. Experiments with a broader range of invertebrates, including marine and freshwater forms, would be instructive. Some authors have noted the resemblance of the Coconino invertebrate ichnofossils to those of marine invertebrates (Lundy 1973, pp. 76-78) , including traces made by annelids (Lundy 1973, p. 76) , hexapods (Sadler 1993; cf. Manton 1973; Macdonald 1989) , sand crabs (Gilmore 1928, p. 5) and eurypterids (Sadler 1993; cf. Briggs and Rolfe 1983; Hantzschel 1975) .
A POSSIBLE MODEL FOR COCONINO DEPOSITION
The Coconino does not quite resemble any modern depositional environments that are commonly found today when considering the thickness, areal extent and details of the sedimentology (James and Dalrymple 2010) . It is likely the Coconino was deposited during the Flood by depositional processes operating at rates that we have not yet been able to model in the laboratory or with the computer. However, the Coconino does have many broad similarities to sand waves. Sand waves are very common bedforms in highenergy nearshore and shallow marine tidal environments (Garner and Whitmore 2011) . They usually take the form of long parallel ridges transverse to the prevailing currents (Hulscher 1996) , with crestlines ranging from straight to gently curved to sinuous. Most consist of quartz sand but they may also contain abundant biogenic material and/or gravel. Sand waves are typically 1 to 15 m high, with wavelengths between 100 and 500 m, although some are larger (e.g., the 24-m-high sand waves in the Irish Sea reported by Harvey 1966) . In profile, they are most often asymmetrical (Allen 1980; Hulscher and Dohmen-Janssen 2005) , with steeper faces pointing in the direction of the dominant currents, although symmetrical forms also occur. The dominant internal architecture, Whitmore and Garner ◀ The Coconino Sandstone ▶ 2018 ICC predicted by theoretical models (e.g., McCave 1971; Allen 1980) and confirmed by the available field data (e.g., Berné et al. 1988 Berné et al. , 1991 , consists of various forms of cross-stratification (Fig. 48) . The most important factors promoting the formation of sand waves appear to be an abundant supply of sand and strong unidirectional or tidal currents (e.g., Terwindt 1971 on the sand waves of the North Sea). Sand waves typically develop where the most prevalent sediment size range is from 0.25 to 0.5 mm (2.0-1.0 ϕ) in diameter, and are absent where mud or silt comprises more than about 10-15% of the bottom sediment. Most sand waves occur in water less than 100 m deep, although much greater depths are occasionally recorded (e.g., the sand waves in 475-800 m depths in the Barents Sea described by King et al. 2014; Bøe et al. 2015) . Morphodynamic models have shown that modern sand waves develop when the main oscillatory tidal current interacts with irregularities of the sea bottom, promoting crestward sediment transport, and they migrate in response to other harmonic components of the tidal flow (Hulscher and Dohmen-Janssen 2005; Besio et al. 2008a Besio et al. , 2008b .
We think sand waves explain many features of the Coconino Sandstone that an eolian model does not explain. Sediment size, sorting and cross-bed style in sand waves, among other features, are similar to what is found in the Coconino. Seismic studies have shown that sand waves can have foreset lengths up to 50 m, more than twice the length of observed foresets in the Coconino. The average dip of the cross-bed foresets in the Coconino (based on hundreds of measurements by us and others) is about 20°. Modern eolian dunes have foreset dips at the angle of repose (~33°) and modern sand waves have dips ranging from 1 to 35° with an average of 15°. Ancient cross-beds may become compacted during burial, but our work (theoretical and petrographic) shows this can only account for several degrees of dip decrease in the Coconino. The Coconino reaches a maximum thickness of around 300 m in central Arizona. Modern ergs have average thicknesses about an order of magnitude less than this (Table 3) . Sand sheet deposits like the Coconino are not unusual, and many of them have an average thickness many times that of modern ergs. The thickness of the Coconino and many other ancient sand sheets is suggestive of marine depositional processes, where thicker sheets of sand can potentially accumulate.
It is a common misconception that the sand grains of the Coconino are well-sorted. Our data shows in many cases that it is poorly sorted or moderately sorted. Subaqueous deposits tend to have a greater mix of grain sizes, like we find in the Coconino. In our studies, we sampled the Coconino widely, both laterally and vertically. Mica grains (mostly muscovite) were found in almost every thin section examined from the Coconino. Our experiments (and others) have shown that mica cannot survive the abrasive eolian environment. Micas are known to be a common accessory mineral in subaqueous sands, but they are not found in modern eolian environments unless they are very close to a felsic igneous or fluvial source. The presence of mica in the Coconino strongly argues for a subaqueous origin. K-feldspar is a common mineral in the Coconino and sometimes shows less rounding than quartz grains of the same size, even though it is a softer mineral. From our studies, we know that K-feldspar can often be rounded in an eolian setting rather quickly (Whitmore and Strom 2017). There are no K-feldspar sources close enough to the Coconino sand sea for it to be supplied via eolian processes and still remain angular. Angular K-feldspars can be better explained via subaqueous depositional processes.
Along the northern margin and in the Oak Creek Canyon area (in the southern area of the outcrop) the Coconino interfingers laterally with the marine Toroweap Formation. Often the same happens vertically with Coconino-style cross-beds and lithologies in the Toroweap Formation. In the northern part of the Coconino outcrop, pure dolomite beds are contained within the lower portion of the Coconino. Subaqueous sand waves best explain these interfingering deposits and the presence of dolomite. We have found large dolomite clasts near the center of the Coconino sand sea, too far for them to be carried by wind-borne processes. The presence of dolomite beds, ooids and cement in many areas is suggestive of widespread marine processes, not eolian ones. In our studies of ancient Permian sandstones from around the world, we have found that many of them have similarities to the Coconino. For example, many others also interfinger with marine formations, have marine facies and contain dolomite beds. Sand waves might be a better interpretation for these sandstones too. In most places, the base of the Coconino is in sharp contact with the underlying Hermit Formation. The contact can be traced the length of the Grand Canyon. It is hard to explain the lack of topographic relief on top of the Hermit if this was a terrestrial setting. Flat contacts are more easily explained in a marine environment. Occasionally the Coconino and Hermit display a transitional contact. This is best illustrated along the Tanner Trail in the Grand Canyon. Two, meterthick beds of Coconino occur in the Hermit before the Coconino proper begins. In the eastern Grand Canyon, Tanner Trail is the only place known where the transitional contact can be studied in detail, but we think we have seen a similar transitional contact high on the cliff faces, viewed from the Colorado River, from several places in the Marble Canyon area. Some authors have also reported a transitional contact in the Parashant Canyon area in the northcentral part of the Grand Canyon. A contact of this nature indicates evidence is lacking for a large erosional hiatus between the Hermit and Coconino and this can best be explained in an underwater setting.
The Coconino (and other Permian sandstones) are well known for their vertebrate footprints. Studies of the trackways, primarily by Leonard Brand, have shown that their unusual characteristics can best be explained by subaqueous track makers. Conventional ideas demand that the tracks were either made or preserved on wetted dunes (light rain or heavy dew). However, there is no hint of adhesion ripples (produced by wind blowing on damp desert sand). Sand waves and various back eddy currents associated with them can nicely explain the unusual features of these tracks, not found in eolian settings. Certain areas of the Coconino contain extensive invertebrate trails and tracks. The substrates probably had to be wet in order to make and preserve these well-defined traces. However, again there is no hint of adhesion ripples or interdunal deposits in these areas. How could these organisms survive in the middle of an erg without water? A better hypothesis would be that the traces were made underwater.
Parabolic recumbent folds are a specific type of penecontemporaWhitmore and Garner ◀ The Coconino Sandstone ▶ 2018 ICC neous soft sediment deformation whereby cross-beds become deformed by strong currents into a series of parabolas that lie on their sides (opening downcurrent). The tops of the cross-beds become folded over by strong currents in the water column immediately above the cross-beds. We have found these types of folds in the Sedona area (and a few other places). It is impossible for these features to form in dry sand, damp sand, or even water-saturated sand (by slumping or groundwater movement). The field relationships of the folds show they were formed during the process of the deposition of the cross-beds. There is a wealth of literature documenting how these folds form in laboratory settings, as well as in fluvial and other subaqueous environments. These features can only form by strong, underwater currents and some liquefaction mechanism, demonstrating subaqueous conditions whenever they are found. Some of the folds have been traced for over 400 m along ridge tops. The thickest deformation is about 5-7 m thick which can be traced over 50 m. Slumped eolian dunes do not have these characteristics. The folds strongly imply that the Coconino was deposited by strong, subaqueous currents, such as those found depositing sand waves.
Flat beds can occur in modern eolian environments, but they are usually local in extent, have coarse grain sizes and are notoriously poorly sorted. We have found extensive (and relatively thick) flat beds in the Coconino Sandstone which display sorting patterns not much different than the cross-bedded portions of the Coconino. The flat beds do not have the characteristics of interdunal deposits. Sometimes the flat beds occur in association with parabolic recumbent folds (either directly above or below the folds) which may indicate subaqueous flow regime changes which could cause both the folding and the flat beds.
The cross-bed foresets in the Coconino Sandstone appear to be dominated by wide avalanche deposits. In eolian settings, these deposits are separated by grainfall and sometimes translatent ripple strata. In subaqueous sand waves, the foresets are completely dominated by avalanche deposits, as in the Coconino. The avalanche deposits in the Coconino are tabular in shape (wide, long and relatively thick). Avalanche deposits in eolian settings are tongue-shaped (long, thick, and not very wide, with an arc-like cross-section). Sand waves produce tabular avalanche deposits when currents are flowing quickly and are carrying high loads. The avalanche deposits of the Coconino better match subaqueous conditions. Graded and thinly laminated beds can form in both eolian and subaqueous settings. They occur as layers of exceptionally fine grains below coarser grains. In eolian settings they are often formed by the migration of climbing translatent ripples. In subaqueous settings they can form as the result of bursts and sweeps during upper flow regime conditions. Graded laminae can also form as the result of spontaneous grain segregation during exceptionally high rates of sedimentation. In outcrop and in thin section, one can only tell with certainty that the beds are graded, not if they are normally or reversely graded.
Bounding surfaces can be traced along the canyon walls in the Grand Canyon for kilometers. In modern eolian dunes it is difficult to imagine how bounding surfaces like this could develop. Large, extensive bounding surfaces have been found via seismic work on subaqueous sand waves, although it remains to be seen if they are as extensive as those found in the Coconino. Cross-beds approaching the bounding surfaces in the Coconino often do so abruptly, or with only a slight curve and thinning near the bottom of the crossbed set. This style has not been found very often in modern eolian deposits (White Sands, New Mexico was the only place we have observed it, but these gypsum sands seem to behave somewhat differently than the more typical quartz sands). Cross-beds in sand waves are known to have these kinds of characteristics.
Modern eolian dunes have topset, foreset and bottomset beds. These types of beds are often found in bulldozer transects of modern dunes (McKee 1966; McKee and Bigarella 1979b; McKee and Tibbitts 1964) . However, in the Coconino, these types of deposits are virtually unknown. It is typical for sand wave deposits to have no topset beds, mostly foreset beds and short (or no) bottomset beds. The internal structure of modern dunes (viewed by bulldozer transects) is characterized by varying dips (angle and direction), many sweeping bounding surfaces and shorter cross-bed sets. On the other hand, the Coconino is characterized by fairly uniform cross-bed dips and directions without the variation often seen in modern eolian settings. The Coconino has a very similar bedding style to some known sand wave deposits like the Folkestone Formation (Lower Greensand, Aptian-Albian) of southeast England (Allen and Narayan 1964; Narayan 1971) .
Current lineation has been observed to form only in subaqueous settings. It has been seen to develop in both experimental and actualistic settings, resulting from fast-flowing currents. It is unknown from eolian settings. Sand waves would provide the necessary conditions for current lineation to develop. Features similar to "raindrop" prints have been found in the Coconino. Often when "raindrop" prints are found they occur in zones parallel to dip and some penetrate the beds up to 1 cm. They are often found with current lineation, which may indicate the two features are related. At present we have a hypothesis that the "raindrop pits" are gas or water escape features related to current lineation vortices. In a number of circumstances we have found so-called "wind ripples" associated with current lineation in the Coconino. The ripples are often fairly symmetrical, unlike asymmetrical ripples that are caused from directional wind in eolian settings (although the ripples are rather flat and symmetry/asymmetry is difficult to determine). Current lineation is caused by parallel vortices that travel in the same direction as the overall water current. The ripples may therefore be due to parallel vortices and not wind at all. Thus current lineation, "raindrop" prints and "wind" ripples may all be related and explained by fast-moving water (parallel vortices) along the lee face of a sand wave.
CONCLUSION
The present authors and their colleagues have completed a widespread study of the Coconino Sandstone and other related formations from the United States and the United Kingdom. The study included literature research, outcrop visits, sample collection, petrographic work, stratigraphic correlations, and studies of modern sand waves and eolian dunes over the past twenty years. Much of our work has been published in both conventional and creationist outlets which include scientific meeting presentations, abstracts and full-length journal articles. The study is important because sandstones with large cross-beds, like the Coconino, are often assumed to be eolian without any further consideration.
Whitmore and Garner ◀ The Coconino Sandstone ▶ 2018 ICC Our findings were unexpected and contrary to conclusions that have been published in the literature about the Coconino beginning with McKee's seminal paper in 1934. The Coconino is purported to have well-sorted and well-rounded sand grains, steep cross-bed dips at the angle of repose, mechanically frosted sand grains, no mica grains, wind-ripple laminae, mud cracks at its base, raindrop prints, and vertebrate and invertebrate trackways that were made in rather dry conditions. After a widespread study of dozens of outcrops and hundreds of thin sections we found the Coconino sand is only moderately sorted and subangular to subrounded, has cross-bed dips averaging about 20°, has chemically frosted sand grains, muscovite in almost every thin section, no clear wind-ripple laminae, sand injectites at its base, features that only resemble raindrop craters in mud (not in sand) and trackways that are better explained with an underwater origin. Additionally we found that the formation contains extensive dolomite (in the form of beds, ooids, cement, clasts and rhombs), widespread parting lineation, parabolic recumbent folds, angular K-feldspar grains, interfingers with other marine formations, lacks narrow avalanche tongues (found in eolian dunes) and many other features unexpected if this were an eolian deposit.
Although there is more study that can certainly be completed, we believe the evidence that the Coconino is a subaqueous deposit is substantial and will be difficult for our critics to explain in any other way. There are no modern analogs that match the precise sedimentology of the Coconino, but we believe that subaqueous sand waves may be a start in the right direction to understand how the Coconino was deposited. Instead of the Coconino being a problem for creationists, it can be one of our most powerful arguments in support of the biblical account of the Flood. There are many other similar cross-bedded sandstones in the western United States and around the world; the Coconino may be the key to unlocking their origin as well.
